Background: The Plasmodium SUB1 protease is essential for erythrocyte egress and invasion of malaria parasites and is an attractive drug target. Results: In silico screening on three-dimensional models selected a P. vivax SUB1-competitive inhibitor, active against P. falciparum and P. berghei. Conclusion: Combined virtual screening and biological validation identified a promising hit. Significance: Targeting SUB1 could lead to a globally active antimalarial.
Widespread drug resistance calls for the urgent development of new antimalarials that target novel steps in the life cycle of
Plasmodium falciparum and Plasmodium vivax. The essential subtilisin-like serine protease SUB1 of Plasmodium merozoites plays a dual role in egress from and invasion into host erythrocytes. It belongs to a new generation of attractive drug targets against which specific potent inhibitors are actively searched. We characterize here the P. vivax SUB1 enzyme and show that it displays a typical auto-processing pattern and apical localization in P. vivax merozoites. To search for small PvSUB1 inhibitors, we took advantage of the similarity of SUB1 with bacterial subtilisins and generated P. vivax SUB1 three-dimensional models. The structure-based virtual screening of a large commercial chemical compounds library identified 306 virtual best hits, of which 37 were experimentally confirmed inhibitors and 5 had K i values of <50 M for PvSUB1. Interestingly, they belong to different chemical families. The most promising competitive inhibitor of PvSUB1 (compound 2) was equally active on PfSUB1 and displayed anti-P. falciparum and Plasmodium berghei activity in vitro and in vivo, respectively. Compound 2 inhibited the endogenous PfSUB1 as illustrated by the inhibited maturation of its natural substrate PfSERA5 and inhibited parasite egress and subsequent erythrocyte invasion. These data indicate that the strategy of in silico screening of three-dimensional models to select for virtual inhibitors combined with stringent biological validation successfully identified several inhibitors of the PvSUB1 enzyme. The most promising hit proved to be a potent cross-inhibitor of PlasmodiumSUB1, laying the groundwork for the development of a globally active small compound antimalarial.
Effective drugs are a critical component of malaria control. Selection of Plasmodium sp. parasites resistant to multiple drugs calls for accelerated efforts to develop new anti-malarial drugs targeting novel essential parasite pathways. In the context of the agenda for malaria eradication (1), future drugs should ideally target different stages of the life cycle and be active on the various Plasmodium sp., in particular Plasmodium falciparum and Plasmodium vivax. Two main approaches have been successfully used to identify new compounds with anti-parasite activity. The first consists of phenotypic screening of chemical libraries looking for molecules that inhibit the growth of P. falciparum (2) (3) (4) or Plasmodium yoelii (53) cultures. The second approach aims at targeting a particular parasite-specific metabolic pathway (5) or an essential parasite enzyme.
Proteases are known to play an important role in numerous pathways and represent potent drug targets for several chronic infectious diseases. Anti-proteases have indeed changed the course of the epidemic of AIDS, and equivalent efficiency is expected in the treatment of hepatitis C (6) . Over the last decades, Plasmodium proteases have been extensively studied and shown to play a role in hydrolysis of host erythrocyte hemoglobin in the parasite food vacuole (7) (8) (9) , maturation of proteins for export into the host erythrocyte (10 -13) , or in the egress and subsequent invasion of merozoites (14) . They are considered attractive drug target candidates.
Several parasite cysteine and serine proteases were shown to participate in the cascade of events that orchestrate the egress of merozoites from and their subsequent entry into erythrocytes (14, 15) . The subtilisin-like serine protease PfSUB1 plays an essential role in both merozoite egress and invasion. Following its secretion into the parasitophorous vacuole, PfSUB1 carries out the maturation of papain-like proteases called the serine-rich repeat antigens, which, once activated, are thought to participate in the rupture of the parasitophorous vacuole and/or the infected erythrocyte membrane (16) . In addition, PfSUB1 is involved in the maturation of several merozoite surface proteins, including MSP1, MSP6, and MSP7 (17) , priming merozoites for invasion of erythrocytes.
The predicted active site of the various Plasmodium SUB1 orthologs displays similarity to the active sites of bacterial subtilisins but differs from that of host enzymes, a feature shared with the second merozoite subtilisin-like protease PfSUB2 (18) . We and others exploited this similarity to obtain three-dimensional models of the Pf/PvSUB1 and PfSUB2 catalytic domains, built by homology with three-dimensional crystal structures of bacterial subtilisins (18 -21) .
In this study, we characterize the P. vivax-SUB1 (PvSUB1) and show that it displays similar cellular location, auto-processing, and enzymatic properties as its PfSUB1 ortholog. To search for potential PvSUB1 inhibitors, we used an in silico screening approach using three-dimensional models of PvSUB1 as targets. Because the predictive performance of in silico screening strongly depends on the accuracy of the protein's models, we built a suite of homology models to perform a structure-based in silico screening of a large library of small molecular mass compounds. This allowed selection of a set of compounds enriched in potentially active molecules, limiting the number of compounds to be tested experimentally, reducing time and cost to a manageable scale. Thus, we selected the 306 best predicted hits and tested their inhibitory potency on the PvSUB1 recombinant enzyme. Active compounds were then tested for their anti-parasite properties on P. falciparum blood stages in culture. The anti-parasite activity of the most promising compound was evaluated in vivo on Plasmodium berghei-infected mice, and its specific activity against the P. falciparum merozoite egress and invasion steps was demonstrated.
EXPERIMENTAL PROCEDURES

Production and Purification of the PfSUB1 and PvSUB1
Recombinant Enzymes-The sequence coding for PvSUB1, amplified from P. vivax genomic DNA (GenBank TM accession number FJ536584, Belem strain), and the codon-optimized Pfsub1 and Pbsub1 synthetic coding sequences (Genscript) were cloned into the BamHI restriction site of the pAcGP67A and pAcGP67B plasmids (BD Biosciences), respectively, downstream from and in phase with the baculovirus glycoprotein 67 signal sequence (GenBank TM accession numbers of the resulting constructs are FJ536585, JX491486, and JX848551, respectively). Spodoptera frugiperda Sf9 insect cells (Invitrogen) were grown in monolayer or suspension cultures at 27°C, in Insect XPRESS (Lonza) supplemented with 4 mM glutamine (Invitrogen), 5% fetal bovine serum, 50 g/ml gentamicin. We generated recombinant baculoviruses with the BaculoGold (BD Biosciences) transfection and expression system according to the manufacturer's instructions. Viral stocks were produced in Sf9 insect cells, stored at 4°C, and amplified in 150-cm 2 T flasks. The viral stock titer was obtained by end point dilution assay. For large scale protein production, Sf9 cells (1 liter at 3 ϫ 10 6 cells/ml) were infected for 72 h with recombinant baculovirus at a multiplicity of infection of 10 in Insect XPRESS medium supplemented with 50 g/ml gentamycin and 0.5 g/ml tunicamycin (Sigma).
Culture supernatant containing the secreted PvSUB1, PfSUB1, or PbSUB1 recombinant proteins (PvSUB1r, PfSUB1r, and PbSUB1r, respectively) was harvested, centrifuged 30 min at 2150 ϫ g to remove cells, and concentrated/diafiltrated against D-PBS 0.5 M NaCl, 5 mM imidazole (loading buffer). The proteins were purified on an AKTA purifier system (GE Healthcare). The sample was loaded onto a 3-ml TALON metal affinity resin (Clontech) equilibrated in loading buffer. After extensive washes with loading buffer, the bound protein was eluted with a linear gradient of 5-200 mM imidazole in D-PBS, 0.5 M NaCl. Fractions containing PvSUB1r, PfSUB1r, or PbSUB1r were pooled and concentrated by using Amicon Ultra 15 (molecular weight cutoff of 10,000) and size-fractionated onto a HiLoad 16/60 Superdex 75 column equilibrated with 20 mM Tris, pH 7.5, 100 mM NaCl. Fractions were monitored by absorbance (280 nm) and analyzed by Coomassie Blue staining of SDS-polyacrylamide gels and enzyme activity assay. The fractions containing the recombinant enzyme activity were pooled. Protein concentration was determined with the BCA protein assay following the manufacturer's recommendations (Bio Basic). Purified PvSUB1r, PbSUB1r, or PfSUB1r recombinant proteins were stored at Ϫ20°C following the addition of 30% v/v of pure glycerol.
Three-dimensional modeling of PvSUB1 and PfSUB1 Catalytic Domains-The homology modeling procedure was performed with the suite of tools accessible through BisKit (22) . The algorithms used for multiple alignments and for homology modeling are critical to build a reliable model. BisKit relies on 3D-Coffee (23) and Modeler (24) , respectively. This choice was guided by the fact that the combination of Tcoffee (from which 3D-Coffee is derived) and Modeler produces particularly accurate models (25) . The modeling of the PvSUB1 (Uniprot ID E6Y8B9) and PfSUB1 (Uniprot ID Q868D6) enzymes was restricted to their catalytic domain (residues Ile-302 to Pro-586 and Ile-360 to Pro-645, respectively) (supplemental Fig. 1 ).
To take advantage of the improved model accuracy when several structural templates are used simultaneously (26), we selected from the Protein Data Bank (PDB) 6 a set of structures from homologs of the PvSUB1 and PfSUB1 catalytic domains. We considered only the most similar PDB entries associated with a blast e-value lower than 0.001 (27) To propose a reliable multiple sequence alignment of these templates with PfSUB1 and PvSUB1 catalytic domains, we also used additional protein sequences in the alignment step. Thus, protein sequences displaying significant similarities to PfSUB1 and PvSUB1 were searched in the nonredundant sequence data bank of Swiss-Prot (ncbi.nlm.nih.gov). 73 additional homologous sequences were added to the seven template sequences for an optimal multiple sequence alignment of PfSUB1. Similarly, sequence alignment was performed for PvSUB1 with 50 additional homologous sequences. Multiple alignments were performed with 3D-Coffee, which uses structural alignments in addition to local and global sequence alignments to optimize the overall alignment of all sequences (23) . For both the PfSUB1 and PvSUB1 catalytic domains, 50 models were built from their respective sequence alignments with the seven template structures with Modeler 7v7 (24) .
Set Up of the Chemical Database-Virtual screening was applied on the ChemDiv chemical library, one of the largest commercial chemo-libraries available. The 508,856 molecules were filtered with the program Filter (Openeye) using standard parameters to exclude predicted aggregators and toxic compounds and to enrich the selection in "drug-like" compounds. The 149,992 selected compounds were converted into threedimensional energy-minimized conformers with Corina (28) and used as entries in virtual screens by docking.
Virtual Screens-The ICM (29) and FlexX (30) docking programs were used to extract in silico hits from the above filtered 149,992 drug-like compounds. Indeed, prediction performances of docking programs have been shown to strongly depend on the studied biological system, and it is therefore advisable not to rely on a single program. Screens were performed with standard procedures; the 149,992 compounds were docked into a rigid binding site and ranked according to their docking scores. The docking score of a molecule is expected to reflect its affinity for the binding site, and therefore, top-ranked compounds were selected. Both programs consider ligands as flexible and binding sites as rigid. Conformational searches for ligands consider dihedral rotations and potential enantiomers and stereoisomers. ICM was applied with its standard parameters. Monte Carlo simulations were done with a thoroughness set to 1, and molecules were ranked with respect to the VLS scoring function (31) . In parallel, we used FlexX and FleX-Pharm (32) to select a second pool of compounds.
PvSUB1r, PfSUB1r, and PbSUB1r Enzymatic AssaysPvSUB1r, PfSUB1r, and PbSUB1r enzymatic assays were performed as described (19) using fluorescence resonance energy transfer (FRET) substrates of PvSUB1 and PfSUB1 corresponding to their auto-maturation sequences, KLVGADDVSLA and KLVSADNIDIS, respectively. Both sequences were coupled to the fluorophore/quencher dyes Dabsyl/Edans (PvSUB1-DE or PfSUB1-DE) (excitation/emission 360/500 nm) or to the DYQ660/DY630, which fluoresce in the far-red wavelength (excitation/emission 620/680 nm) (PvSUB1-FR or PfSUB1-FR). Substrates were custom made by ThermoFisher Scientific. The enzymatic assays were performed in 20 mM Tris, pH 7.5, 25 mM CaCl 2 at 37°C. The apparent K m (K m, app ) of each enzyme was obtained by following the determination of the initial velocity (V i ) of the reaction in the presence of eight different concentrations ranging from 250 to 2 M for the Dabsyl/Edans substrates and from 80 to 0.625 M for the DYQ660/DY630 substrates. The final mixture was distributed in duplicate into a 384-well black microtiter plate (Thermo Scientific), and the fluorescence was monitored every minute for 1 h at 37°C with a Tecan Infinite M1000 spectrofluorimeter.
The apparent K i (K i, app ) was determined from the analysis of the Pv/Pf/PbSUB1r activity in presence of 10 concentrations of the compounds ranging from 300 to 0.58 M. To determine the inhibition mechanism of compound (Cpd) 2 against PvSUB1r, four different concentrations of the molecule ranging from 50 to 0.4 M were tested in the presence of five different concentrations of the PvSUB1-FR substrate as follows: 40, 30, 20, 10, and 5 M. All the enzymatic data were analyzed and obtained with Prism Version 5 software (GraphPad).
Parasite Culture and in Vitro and in Vivo Drug Susceptibility Assays-P. falciparum reference clones 3D7 (chloroquine-sensitive) and Dd2 (multidrug-resistant) obtained from MR4 were cultured in vitro in RPMI 1640 medium containing L-glutamine, 25 mM HEPES (Invitrogen) supplemented with 10% decomplemented human serum (ABϩ), 100 M hypoxanthine (C.C.pro, Germany), 50 g/ml gentamycin (Sigma). Parasites were cultured at 37°C in a 5% O 2 , 5% CO 2 , and 90% N 2 atmosphere. Quantitative assessment of the antimalarial activity of the selected compounds was performed as described (33) on asynchronous culture of P. falciparum clones 3D7 and Dd2 (0.5% parasitemia and 1% hematocrit), except that the parasites were in contact with the drug for 48 h and the culture medium contained 10 M hypoxanthine. EC 50 were determined by following nonlinear regression analysis with HN-NonLin Version 1.1 software.
The P. falciparum merozoite egress/invasion assay was performed as described (19, 34) . Briefly, compounds to be tested were added to highly synchronized P. falciparum-3D7 segmented schizonts (0.5% parasitemia and 1% hematocrit) cultured in a 24-well plate. Aliquots of the culture at the beginning (T0) and after 12 h of culture were collected and fixed in PBS (Dulbecco), 0.04% glutaraldehyde before flow cytometry analysis. E64 (Sigma), a cysteine-protease inhibitor known to block the egress of P. falciparum merozoites in vitro (35) , was used at a 10 M final concentration, whereas Cpd2 was tested in the 60 to 1 M range, and a mock control received 1% of sterile DMSO, the Cpd2 vehicle. Following YOYO-1 staining (36), parasitemia was assessed by flow cytometry with a FACSCalibur cytometer, and data were analyzed with FlowJo (Tree Star) software (34) . The YOYO-1 fluorescence signal of dying cells was collected in the FL-1 channel after compensation of fluorescent intensity in the FL-2 channel.
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In vivo anti-parasite activity was determined against the P. berghei ANKA-GFP clone (37) by using the 4-day suppressive test (38, 39) . Briefly, 3-week-old Swiss mice were inoculated intraperitoneally with 2⅐10 6 parasitized red blood cells and randomly allocated to six groups of five mice. Cpd2 dissolved in 70:30 v/v Tween 80/ethanol (Sigma) and diluted 10-fold in sterile water was administered in 100, 66, or 33 mg/kg dose per mouse. Control mice received the vehicle (water containing 7% of Tween 80, 3% of ethanol). Two groups of mice received 10 and 2 mg/kg chloroquine. All treatments were administered intraperitoneally daily for 4 consecutive days. The day after the last treatment, parasitemia was determined by flow cytometry with a FACSCalibur cytometer. The signal emitted by GFP parasites was collected in the FL-1 channel, and the data were analyzed with FlowJo software.
P. vivax Parasites-P. vivax parasites were collected from Cambodian malaria patients and matured at 37°C for 48 h in vitro in complete RPMI medium, in an atmosphere composed of 3% oxygen before purification on a Percoll gradient. Ethical clearance for collection of patients' isolates was obtained from the Cambodian National Ethics Committee for Health Research (IRB number 160 NECHR, October 28, 2010). Informed written consent was provided by all patients or their parents/guardians before inclusion.
Immunoblotting and Indirect Immunofluorescence Assays-OF1 female mice (Charles River) were immunized subcutaneously with 10 g of purified PvSUB1 emulsified with complete Freund's adjuvant (Sigma) for the first injection and incomplete Freund's adjuvant for two subsequent injections. Serum was collected 10 days after the third injection in Capiject T-MG tubes (Terumo) and kept in 50% glycerol at Ϫ20°C.
P. falciparum synchronous cultures at the schizont stage (prepared as above) were collected and resuspended in XT loading buffer (Bio-Rad) in the presence of 100 mM DTT. For  Fig. 6 , the supernatants of mechanically disrupted synchronized P. falciparum segmented schizonts following the 12 h of culture have been used for immunoblot to reveal proteins located in the parasitophorous vacuole. Proteins were separated on 4 -12% Criterion XT precast gels (Bio-Rad) and transferred on a Hybond nitrocellulose membrane (Amersham Biosciences). The primary anti-PvSUB1 polyclonal serum was used at a dilution of 1:400 in TBS containing 0.2% Tween 20 and 5% milk. The 24C6 mAb specific for SERA5 and the 1C11 mAb specific for the ubiquist HSP70 were used at a dilution of 1:500 and 1:1000, respectively. Anti-mouse IgG coupled to alkaline phosphatase (Promega) was used at a dilution of 1:10,000. Following extensive washing, the membrane was revealed by using the nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate substrates (Promega).
Macs-purified P. falciparum 3D7 segmented schizonts and P. vivax mature stages were washed in PBS, deposited on glass slides, and air-dried. Anti-PvSUB1 polyclonal serum and the anti-AMA1 rat mAb 28G2 were used at a 1:400 and 1:1000 dilution, respectively. Secondary antibodies Alexa Fluor 488-conjugated anti-mouse IgG and Alexa Fluor 594-conjugated anti-rat IgG (Invitrogen) were used diluted to 1:1000. Antibody solutions were prepared in PBS, 1% Albumax. Hoechst 33342 (Invitrogen) diluted at 1:5000 was added to the secondary antibody solution. PBS-washed slides were sealed with Vectashield (Vector Laboratories). Images were collected on a Leica DM5000B microscope with a ϫ1000 magnification.
RESULTS
Characterization of P. vivax-SUB1-The
PvSUB1 sequence amplified from the P. vivax Belem strain encodes 630 residues, although the reference PvSUB1-Sal1 sequence has 619 residues. This reflects the absence from PvSUB1-Sal1 of 11 residues present in all known sequences of Plasmodium SUB1 orthologs and located in the center of the sequence coding for the SUB1 active site (supplemental Fig. 1 ). This deletion (amino acids 417-427 of PvSUB1-Belem) includes two cysteines involved in predicted di-sulfide bridges, as indicated by the PvSUB1 three-dimensional model (see below). This suggests a sequencing error for PvSUB1-Sal1. The full-length sequence of PvSUB1-Belem displays 56.5, 55.5, and 54.7% identity to PfSUB1, PbSUB1, and PySUB1, respectively. The closer conservation of PvSUB1 to PfSUB1, compared with the rodent orthologs, was more pronounced for the enzymatic domain, with 60.3, 55, and 55.9% identity to PfSUB1, PbSUB1, and PySUB1, respectively. In the four species, the seven cysteines were conserved (excluding PvSUB1-Sal1), and there is essentially no insertion nor deletion from the first to the last residue involved in catalysis, namely from Asp-316 to Ser-526, suggesting a strong positive pressure to secure SUB1 overall structure and enzymatic activity.
Coomassie Blue staining of SDS-PAGE identified four molecular species of the purified PvSUB1 recombinant enzyme (PvSUB1r) expressed in baculovirus-infected insect cells (labeled a-d, Fig. 1A ). N-terminal sequencing showed that all derived from the PvSUB1r pro-enzyme, providing key information on the processing sites. The first processing site generating PvSUB1r-a (47 kDa), thought to be the result of auto-maturation, was located at the sequence KLVGA(D/D)VSL, a sequence similar to the processing site of PfSUB1r for the P6 to P1 positions, but less conserved for the PЈ positions (supplemental Fig.  1 and Fig. 1A ) (20) . Maturation occurs at a similar sequence in the rodent Plasmodium-SUB1, as confirmed by the N-terminal sequencing of the 46-kDa form of the PbSUB1r (Fig. 1A) , with the notable exception of the presence of a glutamic acid in the P6 position of PbSUB1, rather than the lysine observed in PvSUB1 and PfSUB1. This difference suggests a potential difference of substrate specificity, because the P6 position of the substrate could contribute to subtilase specificity (40) . A second processing site was identified from the N-terminal sequence of PvSUB1r-b (42 kDa), namely PPSHA(A/S)S, which is absent from PbSUB1r (Fig. 1A) . Interestingly, it differs from the VEN(D/A)E processing site reported for PfSUB1r-b (supplemental Fig. 1 and Fig. 1A ) (20) , which is absent from PvSUB1. A third processing generated PvSUB1r-c (39 kDa, Fig. 1A ) by cleavage at the site HLA(G/S)K. This has not been reported for any other Plasmodium SUB1 enzymes. Whether or not it is a biologically relevant process or a cleavage resulting from the expression of PvSUB1 in a heterologous system remains unclear. Note that the purified PfSUB1r produced in the same expression system did not contain this additional band (Fig.  1A) , consistent with other reports (20) . Band PvSUB1r-d (Fig.  1A) corresponded to the N-terminal pro-region, following the removal of the gp67 recombinant signal peptide. The sequence of the PvSUB1r-d 25-kDa pro-region starts with ADPGDIL, in which the first three residues derive from pAcGP67A, the natural sequence of PvSUB1 starting with GDIL (supplemental Fig.  1 ). Thus, just as in PfSUB1 and PbSUB1 (20, 21) , the recombinant enzymatic form of PvSUB1r co-purifies with its N-terminal pro-region, suggesting that strong interactions stabilize the two domains to form an holo-enzyme.
The enzymatic activity of PvSUB1r, PfSUB1r, and PbSUB1r was studied with FRET-based peptide substrates, whose sequence corresponded to the PvSUB1 and PfSUB1 primary processing site (site a), KLVGADDVSLA and KLVSADNIDIS, respectively. The apparent K m (K m, app ) values of the Dabsyl/ Edans (PvSUB1-DE or PfSUB1-DE) or DYQ660/DY630 (PvSUB1-FR or PfSUB1-FR)-coupled substrates were determined for PvSUB1r and PfSUB1r. Both enzymes were able to efficiently cleave both synthetic substrates with K m, app in the 10 -30 M range (Table 1) . It is noteworthy that the K m, app was not significantly different for the two fluorophore/quencher pairs, reported to affect enzyme affinity for some synthetic substrates (41). Importantly, both enzymes had similar K m, app for the cognate and for the heterologous substrates. This is encouraging for future work as the PvSUB1 and PfSUB1 active sites only have 60.3% identity, and the substrates differ in their PЈ sequence. It indicates that development of inhibitors equally effective on both enzymes is a realistic goal. Interestingly, the three tested Pv/PfSUB1 substrates had a lower affinity for PbSUB1r, with K m, app ranging from 27 to 62.4 M ( Table 1) . This difference suggests, alongside the divergent sequence of its auto-processing site, that the rodent PbSUB1 may have slightly different substrate specificities.
Mouse polyclonal serum raised against PvSUB1r cross-reacted on immunoblots of P. falciparum 3D7 segmented schizonts with the two previously reported forms of PfSUB1 at 54 and 47 kDa (Fig. 1B, lane 2) (42), and we identified two bands on protein extracts prepared from in vitro maturated P. vivax segmented schizonts (lane 3). These bands migrated with an apparent molecular mass similar to that of PvSUB1r-a and PvSUB1r-b (Fig. 1A) and with the deduced mass of the 47-and 42.8-kDa based PvSUB1 sequence, respectively, consistent with endogenous processed forms of PvSUB1. Interestingly, no endogenous PvSUB1 form equivalent to PvSUB1r-c could be detected, suggesting that either the latter is an artifact due to the expression in an heterologous system, or alternatively, this form represents a downstream step of maturation absent from the parasite preparation analyzed.
The anti-PvSUB1 polyclonal serum also cross-reacted with PfSUB1 by immunofluorescence on P. falciparum 3D7 segmented schizonts (Fig. 1C, upper P . falciparum panels) and free merozoites (lower P. falciparum panels) producing a typical punctate pattern and showing partial superposition with the Virtual Screening on the Plasmodium SUB1 Protease Models JUNE 21, 2013 • VOLUME 288 • NUMBER 25
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signal produced by the anti-AMA1 mAb 28G2. This is in line with the subcellular localization of PfSUB1 and AMA1 in the exonemes and micronemes, respectively (16) . A similar pattern was observed with air-dried P. vivax segmented schizonts (Fig.  1C) . These data indicate conservation of the biochemical processing and subcellular localization of SUB1 in P. falciparum and P. vivax blood stages.
Homology Modeling of PvSUB1 and PfSUB1 Catalytic Domains-Models of the PvSUB1 and PfSUB1 catalytic domain were constructed based on seven bacterial subtilisin structures as templates (PDB entries 2TEC, 1DBI, 1CGI, 1R0R, 1LW6, 1EA7, and 1IC6, see under "Experimental Procedures" for details). These high resolution structures represented the best compromise in terms of resolution and sequence similarities with PfSUB1 and PvSUB1 catalytic domains, ranging from 22 to 35% and 25 to 36%, respectively (supplemental Table 1 ). Among them, PDB codes 1DBI, 1EA7, 1CGI, and 1IC6 are apo-structures (free state of the protein), whereas 1R0R, 1LW6, and 2TEC are holo-structures (bound states of the protein). When building a model with the aim of further docking studies into a receptor considered as rigid, it is recommended to select holostructures (43) . However, it has been shown that ligand binding to subtilisins does not induce significant structural rearrangements in the active site (44) . The tight superposition of 21 structures of either apo or holo of the Carlsberg subtilisin (r.m.s.d. on heavy atoms Ͻ1 Å) confirmed the absence of significant conformational change upon ligand binding (data not shown) and led us to retain both holo-and apo-structures as templates to model PvSUB1 and PfSUB1 catalytic domains.
The quality of the 50 models of PvSUB1 catalytic domain obtained with Modeler was assessed with Procheck (45), and only a few residues were identified in a disabled region of the Ramachandran diagram. These residues were mainly situated in large loops corresponding to three large insertions (residues 330 -353, 467-494, and 514 -522) (46) in the PvSUB1 sequence (Fig. 2, A and B, and supplemental Fig. 1 ) but absent from the templates. This led to ab initio modeling of their structures by Modeler, although their sizes were too large to allow reliable structure prediction of these regions (47) . As these loops were far from the binding site and not involved in the PvSUB1 catalytic groove, we considered that the lack of reliable information about their local topologies should not affect the subsequent docking studies. When excluding these insertion loops, the root mean square deviation (r.m.s.d.) observed between the models was equal to 2 Å on all backbone atoms, which corresponded to highly similar structures.
The core structure of the modeled PvSUB1 catalytic domain contained a six-stranded parallel ␤-sheet (residues 311-316, 398 -403, 430 -433, 457-461, 497-503, and 526 -529) corresponding to order 213456 with respect to the protein sequence ( Fig. 2A ). They were surrounded on both sides by two pairs of ␣-helices (residues 372-381 and 548 -565 on one side and 413-426 and 442-454 on the other side). The model also contained one anti-parallel two-stranded ␤-sheet (residues 533-537 and 541-545), one ␣-helix (residues 571-581), and a structural feature conserved in the subtilisin family, namely two extended ␤-strands involving residues Ser-434 -Phe-435-Ser-436 on the one side and Lys-409 -Leu-410 -Gly-11 on the other side (␤Ј and ␤Љ in Fig. 2C) , which can form an intermolecular anti-parallel ␤-sheet with the peptidic substrate. These strands are situated in a deep pocket that constitutes the catalytic groove of the enzyme active site, and their residues form hydrogen bonds principally with the P1-P4 residues of the substrate (40) .
The PvSUB1-Belem sequence, used here as the prototypical PvSUB1, contains seven cysteine residues in positions Cys-313, Cys-402, Cys-419, Cys-423, Cys-465, Cys-478, and Cys-524 that are conserved in all known Plasmodium SUB1 sequences (supplemental Fig. 1) . The four first cysteines are very close in space, which might indicate the presence of two disulfide bridges Cys-313/Cys-423 and Cys-402/Cys-419. They could stabilize the core of the protein by linking the ␣2 helix to the strand ␤3 and its parallel ␤1 one (Fig. 2A) . Cys-465 and Cys-478 are located in the second large insertion loop (residues 467-494, supplemental Fig. 1 ) and are likely to form a disulfide bond. Several subtilisins contain one or more S-S bonds in various positions that stabilize the catalytic domain (40) , but the three putative disulfide bounds of PvSUB1 are absent from the seven templates used to build the three-dimensional model.
The enzymatic activity of most of the subtilisins is strictly calcium-dependent, and this cation contributes to the structural stability of these enzymes. The crystal structures of the seven templates present up to four calcium ions. The strong affinity and widely conserved calcium-binding site 1, according to Siezen and Leunissen nomenclature (40) , was clearly identified in the PvSUB1 models and would engage the backbone of the conserved residues Ile-388, Val-383, and the side chain of the Asp-325, as reported previously ( Fig. 2A and supplemental Figs. 1 and 2) (20) . The low pK a value of these groups (Ͻ4) indicates that they are most likely negatively charged, and electrostatic calculation shows a negative environment favorable for the binding of a cation. However, no clear information could be derived from the models about the positions of the three weaker sites mentioned by Siezen and Leunissen (40) .
Superposition of the PvSUB1 three-dimensional models on the template structure outlines the large conserved groove that is characteristic of the substrate-binding site in subtilisins (Fig.  2B) . Following the classical protease nomenclature established by Berger and Schechter (48) , the P4 -P2Ј peptide of the protease substrate interacts with enzyme residues forming the S4, S3, S2, S1, S1Ј, and S2Ј sites, a conserved organization illustrated by Siezen and Leunissen (40) . The specificity of bacterial subtilisins is mainly due to the side chain of the substrate P4 and P1 residues (40, 49) . A network of hydrogen bonds between residues P4 and P1 of the substrate and those of the enzyme S4 and S1 pockets of the catalytic groove is involved in the enzyme specificity and stabilizes the enzyme-substrate interaction. In contrast, the S3 and S2 sites are usually less distinct and form a smaller cleft, and as such they participate in the enzyme-substrate interaction to a lesser extent. In the PvSUB1 models, residues Ser-434, Gly-547, Thr-548, Ser-549, Ser-461, Ala-462, Ser-463, Asn-464, Arg-485, Tyr-486, Pro-487, and Pro-488 and residues Leu-410, Gly-411, Arg-412, Leu-413, Leu-405, Met-416, Phe-435, Ser-436, Phe-437, Asp-438, and Phe-444 were predicted to form the S1 and S4 pockets, respectively (Fig. 2, B  and C) . More precisely, we defined the binding site residues in PvSUB1 as those not belonging to insertion loops and equivalent to residues in 2TEC which had at least one atom less than 6 Å apart from the Eglin hexapeptide P1Ј-P5. As confirmed by IcmPocketFinder (50) , this region corresponds to the most buried part of the active site involved in the substrate recognition and interaction of several subtilisins (40) . We also included a few residues that define superficial S1Ј and S2Ј sub-pockets formed in PvSUB1 (data not shown). Altogether, the binding pocket used in docking studies included residues: Asp-316 to Ser-317, Leu-405 to Asp-406, His-408, Leu-410 to Leu-413, Met-416, Ser-434 to Asp-438, Phe-444, Ser-461 to Cys-465, and Leu-545 to Asn-546.
Selection of PvSUB1 Three-dimensional models and Virtual
Docking Screens-The r.m.s.d. between the 50 PvSUB1 models calculated on all atoms of the binding pocket was lower than 1 Å, as expected from the very small deviation observed in the corresponding region of the templates. In the binding site region, PvSUB1 models differed mainly in the orientation of the long side chains of three residues (Lys-409, Arg-412, and Phe-435), which are not conserved in the templates, resulting in diverging orientations between the models. Two models were selected in which the side chains of Lys-409 and Arg-412 were not pointing into the active site. Although they could participate in PvSUB1 ligand specificity, we excluded models where these long In green and blue are shown the residues forming the S1 and S4 sub-pockets that bind the P1 and P4 residues of the substrate. C, schematic representation of the PvSUB1 catalytic groove (purple) and its substrate (light gray). The residues forming the S1 and S4 sub-pockets are depicted in green and blue, respectively. The catalytic residues Asp-316, His-372, and Ser-549 are shown in red. D, FlexX docking pose of Cpd2 (turquoise carbon colored stick) within the PvSUB1 catalytic groove. Catalytic triad and residues participating in the S1 (green) and S4 (blue) sub-pockets are labeled in black.
Virtual Screening on the Plasmodium SUB1 Protease Models
and basic side chains pointed into the catalytic groove, because such orientations corresponded to strong assumptions that could drastically affect the docking results. In addition, a third model was used in which the Phe-435 residue, deeply buried in the binding pocket, was mutated to an alanine to eliminate the ambiguity of the position of its large side chain. Overall, this led to the choice of three PvSUB1 models that were used in the virtual screens.
We used the FlexX, FlexX-Pharm, and ICM software packages to perform docking screens on the 149,992 pre-selected drug-like compounds from the ChemDiv library (San Diego). Compared with ICM, which required 30 s to 1 min to dock a molecule, FlexX is faster, allowing processing of different docking conditions in a reasonable amount of time. Therefore, we performed three separate virtual screens with FlexX on the three selected PvSUB1 three-dimensional models, but only one with ICM. In addition, a pharmacophore was also deduced from the known structures of subtilisins crystallized with an inhibitor. Different structures of holo-subtilisins complexed with ligands (1LW6, 1R0R, and 2TEC) revealed that five conserved hydrogen bonds were involved in the interaction between the catalytic grooves and the bound ligands, defining a putative pharmacophore by the presence of some of these hydrogen bonds between the protein and a ligand. However, a preliminary test using four of these hydrogen bonds as pharmacophore restraints was too drastic to find docking solutions. A virtual screening on the 149,992 filtered compounds was thus performed with FleX-Pharm under a pharmacophore restraint defined by the presence of two of the five conserved hydrogen bonds (32) . We selected 306 compounds that had the best docking scores for either of the docking protocols (see "Experimental Procedures" and Fig. 3 ). These compounds embraced a wide chemical space represented by 220 different chemical scaffolds.
Experimental Evaluation of Virtual PvSUB1 Inhibitors on PvSUB1r, PfSUB1r, and PbSUB1r and P. falciparum CulturesThe 306 selected compounds were first tested for autofluorescence at the Dabsyl/Edans compatible wavelength at the final concentration of 50 M. The 219 compounds that displayed no significant autofluorescence were screened at a 50 M final concentration on the PvSUB1r enzymatic assay by using the PvSUB1-DE substrate, whereas the PvSUB1-FR substrate was used for the 87 remaining compounds. The 37 compounds that inhibited PvSUB1r activity by Ͼ30% entered into a secondary screen consisting of a dose-dependent assay at five concentrations, ranging from 250 to 0.4 M. Five compounds (Cpd1-5) reproducibly displayed an apparent K i of Ͻ50 M and were further analyzed (Fig. 3 ). Cpd1 and Cpd2 were identified with FlexX; Cpd4, and Cpd5 were identified with ICM; Cpd3 was selected with FlexX, and the pharmacophore constraint (see under "Experimental Procedures").
The apparent K i of the five selected compounds for PvSUB1r ranged from 30.1 to 6 M ( Table 2) . Although Cpd4 and Cpd5 displayed a K i, app value of 30.1 and 14.7 M for PvSUB1r, respectively, they did not significantly inhibit the intra-erythrocytic P. falciparum clone 3D7 cycle in vitro, with an EC 50 value of Ͼ50 M. In contrast, Cpd1 and -3 displayed a K i, app for PvSUB1r and an EC 50 against P. falciparum-3D7 growth in vitro within the same range, namely 7.6 and 1.1 M and 30.1 and 22.3 M, respectively. Interestingly, Cpd2 inhibited PvSUB1r (K i, app of 6 M) and displayed a potent anti-P. falciparum activity, with an EC 50 of 370 and 450 nM on the chloroquine-sensitive 3D7 clone and chloroquineresistant Dd2 clone, respectively (Table 2 and Fig. 4A ).
To further characterize Cpd2, we tested its inhibition potency against PfSUB1r and PvSUB1r. The apparent K i measured for PfSUB1r (5.7 M, Fig. 4B ) was similar to the one observed for PvSUB1r, although for PbSUB1r it was significantly higher (42 M, Fig. 4D ). Moreover, among the five selected compounds, Cpd2 was the only one displaying a clear, reproducible competitive inhibition of PvSUB1r (Fig. 4C) . This is consistent with the fact that the catalytic groove of the enzyme, which accommodates the substrate, was defined as the target of the chemical compounds during the in silico screening.
In the best docking pose of Cpd2 generated by FlexX, Cpd2 occupied almost completely the PvSUB1 catalytic groove. Comparison with the binding mode of bacterial subtilisin substrates indicated that the central quinoline group was positioned between the ␤Ј and ␤Љ strands of the PvSUB1 catalytic groove (Fig. 2, C and D) . The indole and "paramethoxyaniline" moieties of Cpd2 interacted with the PvSUB1 S4 (blue) and S1 (green) sub-pockets, respectively (Fig. 2D) . More precisely, the backbone of Ser-434 and Ser-436 and the side chain of Asn-464 (involved in the classical oxyanion hole) formed three hydrogen bonds maintaining Cpd2 in the S1 pocket, whereas Gly-411 backbone stabilized Cpd2 in the S4 pocket through two additional hydrogen bonds. The set of 306 best-scored compounds was tested for inhibition of PvSUB1r enzymatic activity at a concentration of 50 M. The 37 compounds displaying Ͼ30% inhibition entered a dose-response assay, resulting in five compounds with an apparent K i value of Ͻ50 M that were tested on P. falciparum in vitro culture. Their structures and properties are presented in Table 2 .
In Vivo Activity against P. berghei Blood Stages-To further characterize the anti-parasite activity of Cpd2, we investigated its activity in vivo on P. berghei blood stages by using the Peters' 4-day suppressive assay. Following infection with 2⅐10 6 P. berghei-GFP blood stage parasites, parasitemia reached ϳ5% at D4 in the group of mice that received the vehicle. In contrast, there The chemical structure, ChemDiv accession number, molecular mass, calculated logP of the compounds tested on the PvSUB1r activity, and the in vitro culture of P. falciparum 3D7 and Dd2 clones, are presented. The method allowing their selection and the score obtained, together with the PvSUB1 three-dimensional models on which they have been selected are indicated. The apparent K i for PvSUB1r and IC 50 Virtual Screening on the Plasmodium SUB1 Protease Models JUNE 21, 2013 • VOLUME 288 • NUMBER 25
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was a dose-dependent reduction of parasitemia in mice treated with Cpd2 (Fig. 5) , and no obvious sign of toxicity could be observed (data not shown). The ED 50 value of Cpd2 against P. berghei could thus be estimated as ϳ40 mg/kg, consistent with the EC 50 value of Cpd2 measured on P. falciparum growth in vitro. For comparison, parasitemia was cured in the group of mice treated with 10 mg/kg chloroquine, although it was reduced by ϳ50% in mice treated with 2 mg/kg chloroquine, a figure consistent with the ED 50 value for chloroquine against P berghei (51) .
Inhibition of the Egress/Invasion Steps of P. falciparum in Vitro-We then investigated whether Cpd2 indeed inhibited P. falciparum merozoite egress and invasion of human erythrocytes in vitro, the process in which PfSUB1 has been shown to play a dual and essential role (16) . We used the recently developed inhibition of ring formation assay (19, 34) and treated highly synchronous schizont cultures with Cpd2. There was a dose-dependent inhibition of egress/invasion with Ͼ80 and 10% inhibition for 60 and 1 M, respectively (Fig. 6A) , that correlated with a dose-dependent accumulation of segmented, unruptured schizont (supplemental Fig. 3 ). As expected (35) , the cysteine protease inhibitor E64 at a dose of 10 M inhibited by Ͼ80% the egress-invasion steps of P. falciparum merozoites in vitro.
These results are consistent with Cpd2 inhibiting the egress invasion steps of P. falciparum merozoites in vitro. However, the level of inhibition observed in presence of 1 M of Cpd2 was not fully consistent with the EC 50 of 370 -450 nM obtained by use of the classical Desjardins assay, which measures the inhibition of P. falciparum erythrocytic cycle, regardless of the affected stage (33) .
To demonstrate that Cpd2 inhibited the endogenous PfSUB1, we monitored the processing of one of its natural substrates, SERA5 (16) . Immunoblot analysis of culture supernatants, also containing proteins from the parasitophorous vacuole following mechanical rupture of segmented schizonts, showed a dose-dependent reduction of the p73 and p50 SERA5 processing fragments in Cpd2-treated cultures (Fig. 6B, lanes  5-8) , whereas the expected processing pattern was observed in the untreated culture (lane 2) and in parasites treated with the DMSO vehicle (lane 3). Treatment with 10 M E64 did not significantly inhibit SERA5 processing, although the p56 form corresponding to the last processing step accumulated as reported by others (16) . This indicated that Cpd2 did inhibit the endogenous PfSUB1 activity. This obviously does not rule out inhibition of additional parasite enzymes by Cpd2, the combination of which may account for the efficient anti-parasite activity on asynchronous cultures.
DISCUSSION
The agenda of malaria control demands the identification of new anti-parasite candidates acting efficiently against P. falciparum and P. vivax. Most anti-malarial candidates under development target intracellular stages of the parasite life cycle. The SUB1 subtilisin-like protease has emerged as a new potential drug target, implicated at a critical, still untargeted step of the life cycle. In line with the high degree of sequence homology of the catalytic region, PvSUB1 and PfSUB1 had similar enzymatic properties, with similar affinity for the various substrates derived from primary processing sites (Table 1) . Consistent with this, homology models of the catalytic domain of PvSUB1 and PfSUB1 presented a similar overall structure, provided the long inserts were excluded. All features described for the PvSUB1 model hold for the PfSUB1 model and are in agreement with the SUB1 models recently proposed by Withers-Martinez et al. (21) . As an example, the residues identified as forming the S1, S4, and S1Ј sub-pockets of the PvSUB1 catalytic groove are equivalent to those recently published (21) . However, as mentioned above, close analysis of the active site showed that Lys-409, Arg-412, and Phe-435, three residues with long side chains, were not conserved in the templates. Different orientations of these side chains were therefore observed among the 50 FIGURE 5 . Evaluation of the anti-P. berghei activity of Cpd2 in vivo using the 4-day Peters' assay. At day 0, mice were infected intraperitoneally with 2⅐10 6 P. berghei-GFP blood stage parasites and received the first treatment 2 h after and then at the same hour at days 1-3. The Cpd2 dose per injection is indicated for each group of mice. Parasitemia was determined by FACS analysis. Chloroquine (CQ) and vehicle were used as positive and negative controls, respectively. Each group was composed of a minimum of five mice; the results show the mean parasitemia at day 4 (Ϯ S.E.) for each group.
PvSUB1 models. To take into account this ambiguity and to try to reduce its potential impact on the prediction performances, virtual screening was performed on three different models of PvSUB1, including one in which the influence of the Phe-435 side chain was abrogated by mutating this residue for an alanine. In addition, to better characterize the quality of these models, we modeled the structures of the seven templates used for modeling PvSUB1 in a sort of "cross-validation" study; each of the seven templates was modeled based on the six others. We superposed the modeled templates to their crystallographic structures, and we observed that the r.m.s.d. values in the active site were below 1 Å in all cases, i.e. low (data not shown). Therefore, we expect the r.m.s.d. between the active site of our SUB1 models and their "true" structures to be in the same range. In addition, the binding pockets of PvSUB1 and PfSUB1 showed a high primary sequence identity and a strong three-dimensional structural similarity, as illustrated by the r.m.s.d. in the range of 0.2 Å for the catalytic groove residues. We thus performed docking studies only on one of the proteins, namely PvSUB1, under the assumption that a ligand of the PvSUB1 active site would also be a ligand for PfSUB1 active site, with similar binding modes.
Despite the modest overall sequence similarity between PvSUB1 and bacterial subtilisins, we identified 37 new inhibitors of the recombinant PvSUB1 enzymatic activity from the in silico screen based on PvSUB1 three-dimensional models. 5-8, respectively) . Blots were probed with the PfSERA5-specific mAb 24C6.1F1. The PfHSP70-specific mAb 1C11 was used as a loading control. The PfSERA5 processed forms p73, p56, and p50 kDa are indicated by an arrow. Molecular mass is indicated in kDa.
Among them, five compounds displayed an apparent K i of Ͻ50 M for PvSUB1r and were shown to be active against P. falciparum in vitro. They belong to different chemical families than the first reported PfSUB1 nonpeptidic inhibitor known as MRT12113 (16) and display similar or better affinity for SUB1 than the recently identified quinolhydrazone derivatives, whose anti-parasite activity has not been reported (52) . Taken together, these compounds define a new chemical diversity to develop a SUB1-specific anti-malarial compound. The most promising hit, Cpd2, displayed a similar affinity to both P. falciparum and P. vivax recombinant SUB1 enzymes and behaved as a competitive inhibitor of PvSUB1 (Fig. 4) and PfSUB1 (data not shown) enzymatic activities. We conclude that Cpd2 likely targets the SUB1 active site, thus competing with the enzyme substrate, although a formal confirmation would only be provided by a co-crystallization of Cpd2 with either PvSUB1 or PfSUB1.
The affinity of Cpd2 for PbSUB1r was significantly lower than those obtained for P. vivax and P. falciparum SUB1. Similar results have recently been obtained with a peptidyl ␣-ketoamide inhibitor based on one of the cleavage sites of PfSERA4, a natural PfSUB1 substrate. This ketoamide inhibited PfSUB1 and PvSUB1 recombinant enzymes with equivalent IC 50 values of 7.3 and 12 M, respectively, although the IC 50 value for recombinant PbSUB1 was Ͼ100 M (21). Together with the lower sequence similarity of its catalytic domain with respect to those of PfSUB1 and PvSUB1, and its different affinity to similar substrates, this is the third evidence that PbSUB1 catalytic groove is expected to display substantial structural differences to those of PfSUB1 and PvSUB1.
Cpd2 was active against P. falciparum parasites in vitro, irrespective of their susceptibility to chloroquine, as well as against P. berghei in vivo. Cpd2 was shown to target the endogenous P. falciparum SUB1, as indicated by the observed inhibition of parasite egress, as well as SERA5 maturation in vitro. Altogether, these data qualify Cpd2 as the so far most promising anti-SUB1 hit, although its affinity and specificity have to be significantly optimized before qualifying it as a new anti-malarial lead compound.
This study illustrates the benefit of in silico screening and provides clues on ways to improve its efficiency. The relatively low yield of potent inhibitors selected may reflect the hurdles brought by the absence of an experimental three-dimensional structure of SUB1. Rigidity of the binding site during docking remains an important limitation, because it prevents considering induced rearrangement upon binding. Indeed, a minor variation of the predicted binding site structure may drastically affect the docking. This illustrates the general challenge of finding specific inhibitors based on homology models. Data presented by Withers-Martinez et al. (21) suggest that a less buried region of the SUB1 catalytic groove also participates in the specificity and involves interactions with the P1Ј-P2Ј part of the substrate. These residues are solvent-exposed, and the fact that the structural templates are too divergent and show too little sequence similarity prevented us from including them in the definition of the binding pocket for virtual screening. It will obviously be interesting to include them in future studies, in case better structural templates are available, to gain specificity.
It is encouraging that, even in the absence of SUB1 x-ray structure, the present in silico and experimental studies led to a dramatic cut on the number of molecules that underwent biochemical evaluation. Among the Ͼ500,000 initially considered molecules, 306 molecules were indeed experimentally tested, and among the 37 active compounds, five proved to inhibit PvSUB1 recombinant activity and P. falciparum growth in vitro. Among them, Cpd2 displays a consistent activity against PfSUB1 and PvSUB1 and constitutes a novel promising hit against a yet untargeted biological stage of both P. vivax and P. falciparum human-infecting parasites.
